The present paper points out that the lines of neutral and singly ionized helium in the solar EUV spectrum have anomalously high intensities when compared with lines of other ions formed at similar temperatures. It is suggested that the observed absolute and relative intensities, and in addition line widths, can be accounted for if a mechanism which causes the helium atoms and ions to be excited by electrons with temperatures greater than the ionization equilibrium value is operating. Further, the observed decrease of helium line intensities in coronal holes, whilst other transition region lines decrease little if at all, can be accounted for either by the reduction of the enhancement mechanism in coronal holes and/or by the reduced temperature gradient in these regions. An essential factor that makes the helium lines so sensitive to the presence of such a mechanism is the large value of the ratio of the excitation potential of the lines to the electron temperature.
I. INTRODUCTION
The lines of He 1 and He 11 are not usually included in the analyses of EUV lines intensities from which models are made, since they are expected to be optically thick. The helium 1 and 11 level populations have been calculated by Athay (i960, 1963 Athay (i960, , 1965 and by Hearn (1969a, b) , and the range of various variable parameters, such as the electron density, temperature, thickness of the emitting layer, which would fit the observed line intensities has been discussed. However, a large discrepancy exists between the observed He 1 and 11 emission and that predicted from the models derived from other EUV lines. This was not apparent in the earlier analysis by Pottasch (1964) because of the less reliable intensities and atomic data then available. The present paper draws attention to the differences between the observed and calculated intensities and suggests a type of mechanism which may account for them. Observations of He 1 and 11 intensities in the areas known as ' coronal holes ' (Withbroe et al. 1971; Tousey et al. 1973 ) are discussed. Recent observations of He 11 line widths (Feldman & Behring 1974; Boland et al. 1975; Kohl, Parkinson & Reeves 1973) are also relevant to the present analysis.
CALCULATION OF HE I AND HE II ABSOLUTE INTENSITIES
The absolute intensities of the optically thin EUV emission lines define a distribution of n{e) r N{H) J M Ne? dh as a function of temperature (see, for example, Pottasch 1963) . AA is the height interval corresponding to the temperature range over which the line is formed.
This is typically A log T = log 3r m ±o*i5 where T m is the temperature at which a particular line has its maximum emission. N(E)¡N(H) is the abundance of the element relative to hydrogen. This distribution depends only on the absolute intensities and atomic data used, and not on a model of the atmosphere. The total number of photons, ®, created in the atmosphere in the He 1 (i 1 *S-2 1 P) and He 11 (1 2 *S , -2 2 P) resonance lines can be calculated from Í) = const. NuAuidh (1) J Ah where N u is the population of the upper level; A is the spontaneous transition probability; Ah is the height interval corresponding to the temperature limits of the region where the emission is formed. No particular location for the emission is implied in the above formulation. Since only scattering of photons occurs in these resonance lines all photons created eventually escape from the atmosphere. The distribution of Í N e 2 dh J Ah has been derived from measurements of intensities by Burton et aL (1971) for 4*i < log T< 5*5, and from Malinovsky & Heroux (1973) for 5*6 < log T'< 6*2. At A < 1500 Â, where the relevant resonance lines occur, the intensity data obtained by Burton et al. (1971) are systematically lower than those obtained by Hall & Hinteregger (1970) 
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The value of N e at a given T e is determined by assuming N e T e = constant across the transition region. A value of N e T e = 5*6x lo^cnr^K will be used, since this is typical of models made from the EUV data. The assumption about N e T e only affects the total intensities if the line intensities are not proportional to N e 2 . From Fig. 1 it can be seen that the emission function for He 1 584 Â peaks at T e = 2*5 x io 4 K. The area under the curve gives the upper limit to the emission, since it is assumed that even though the line may become optically thick no photons which have been created are destroyed. The integrated emission is 2*1 x io~3 erg cm" 2 s _1 , i.e. a factor 15 lower than the average observed intensity, which is 3*2 x 10" 2 erg cm -2 s -1 . It is unlikely that the atomic data used are in error by this amount. Further, the distribution of f Ne 2 dk J Ah is unlikely to be in error at all temperatures by more than a factor of two.
From Fig. 2 it can be seen that a similar discrepancy occurs for the absolute intensity of He 11304 Â. The peak of the emission is sharp and occurs at 8*o x io 4 K.
The integrated emission is 4*0 x io -2 erg cm -2 s -1 ; i.e. the observed emission is a factor of 5-5 greater than that calculated from the other EUV lines.
SENSITIVITY OF ABSOLUTE EMISSION TO VARIABLE PARAMETERS
Assuming the distribution of f Nq 2 dh J Ah to be correct to within a factor of two other factors or processes that will enhance the emission in the He I and He 11 lines must be examined. The total emission is not very sensitive to changes in the relative distribution of N e 2 dh J Ah a factor of two change at one temperature will alter the total emission by less than this amount. There is some uncertainty concerning the coronal helium abundance, but the value of o-io used is unlikely to be an underestimate. The observed discrepancies of factors of ~ 6 and 15 obviously cannot be accounted for by increasing the helium abundance.
Geometric factors such as concentration in supergranule cell boundaries can be used to change the distribution of the helium emission as a function of position on the disc, but these will also affect other lines formed at the same temperaturesand using the observed total f N e 2 dh J Ah automatically includes such effects.
Hearn's calculations show that over the electron density range io 8 -7 x io 10 cm" 3 between 30 and 50 per cent of the population of the z 1 ? level in He 1 originates from the ground level by collisional excitation. At the same time the ground state is being depopulated by collisional excitation to z 2 S y from whence photoionization rapidly occurs. Simply raising T e where the 1 1 S-z ^ line is formed will not increase the intensity since 1 1 S is depleted by about the same amount. The population of z 1 ? is therefore insensitive to T e for T e > 2-5 x io 4 K.
However, if a process occurred that moved ions formed at one temperature rapidly to a region of higher temperature then the excitation and decay of z 1 ?
could take place before the ionization returned to equilibrium. Conversely, if the local electron temperature became higher than in equilibrium the same result would be observed. The emission would be greater than in the equilibrium situation because the ground state population would be higher for a given temperature. The essential aspect of the process is that it should mix low temperature helium atoms and ions with higher temperature electrons. Such a process would also be effective for He 11, and for any line where the exponential term in the collisional excitation, i.e. the exp (-W/kTe) term, is very temperature sensitive, W being the excitation potential. Table III shows the intensity enhancements expected if the distribution of f N e 2dh J Ah is fixed but the ionization population distribution is transferred to higher temperatures, first by a factor of ^/2 in T e and secondly by a factor of 2. Because of the Although raising the temperature at which a particular ion population occurs T e can account for the absolute intensities the observed relative intensities of the iS-zPjiS-^P transitions must also be considered. The intensity of a given line in erg cm -2 s -1 will be referred to as £'(À Â).
(a) He i
Hearn (1969a) has also calculated the relative intensities of the ^S-^P and lines as a function of density, temperature and optical depth. It will be assumed that the He 1 lines are formed where T e = 2*5xio 4 K, N e = 2*2 x 10 10 cm~3 (from N e T e = 5*6x io 14 cmr 3 K) but where N^S) has its usual equilibrium value at i*4xio 4 K since this situation accounts for the observed absolute emission. If both the lines at 537 Â and 584 Â are optically thin then the calculated ratio for £(537)1 £(584) is 0*128, close to the observed value of 0*13 (see Table II ). However, if N e = 2*2 x 10 10 cm -3 and T e = 2*5x io 4 K, and NQ-S)
has its value at T e = 2*5 x io 4 K, then the optical depth of the 1 1 S-z 1 P transition is calculated to be t(584 Â) = 300. This figure is derived from the line of sight distance need to fit the observed absolute intensity of i 1 S-z 1 P. But using this value of ^584 Â) leads to £(537 Â)/i?(584 Â) = 0*046, in clear disagreement with the observed value. However, a line of sight distance of only 1/15 the previous value is needed if it is accepted that the intensity is enhanced by a non-equilibrium process. Then 7(584 Â) = 20, and £*(537 Â)/Z?(584 Â) = 0*115, within the error bar of ± 20 per cent on the observed ratio.
(b) ikn
The absolute emission can be accounted for with a temperature of 1*28 x io 5 K,
and N e = 4*4 x 10 9 cm -3 , but with a ground state population equal to the ionization equilibrium value at 8*oxio 4 K. Hearn (1969b) has calculated the relative intensities of the He 11 lines 1 2 S-z 2 P, 1 2 S~3 2 P and z 2 S-3 2 P at 304 Â, 256 Â and 1640 Â, respectively. The observed intensities are given in Table II . The He 11 zs 2 S~3p 2 P transition accounts for at most, half of the observed total intensity between 1640*5 Â and 1640*0Â, there being a strong line of Fen at 1640*15 Â. The total observed intensities are listed without corrections for known differences in the absolute intensity scales. There is evidence that the measurements by Burton et ah (1971) are systematically too low in this region by a factor of two. When a correction for this is included the measurements by Burton et al. and Kohl et al. (1973) agree quite well. Giving these values twice the weight of that obtained by Detwiler, Purcell & Tousey (1961) and assuming that half the total is due to Fen, an average intensity of 0*013 erg cm" 2 s -1 is found. This gives a ratio of 0*79 for £'(256 Â)/£'(i640 Â), to be compared with the optically thin value of 8*io. The optical depth deduced for i 2 S-z 2 P is then 7(304 A) = 60 (see Hearn   1969b ). The observed ratio £'(256 A)/£(304 A) is 0*052. In an optically thin atmosphere this leads to T e = 8*o x io 4 K. However, if r(304 A) = 60, the attenuation of the 1 2 S~3 2 P line is a factor of 0*20, leading to a calculated value of £(256 A)/ £(304 A) = 0*26, which cannot be satisfied by increasing T e > even up to io 6 K.
If T e -1*28 x io 5 K, then £(256 A)/£(304 A) in optically thin conditions would be 0*090, giving an attenuation factor of 0*58. This in turn leads to r(304 A) = 10. However, this implies £(256 A)/£(i640 A) = 3*0, and not 0*79 as observed. The C. Jordan Vol. 170 mechanism used to increase the absolute intensity of 304 Â will change the optical depth in the lines and the temperature at which the lines are formed but the observed line ratio should give a consistent solution for r and T e . There is therefore a further problem with the He 11 relative intensities, in that the observed intensity of the component of 1640 Â ascribed to He 11 is too large. This was also noticed by Zirin, Hall & Hinteregger (1963) . The optical depth at the line centre in 304 Â can be calculated from T = 1-2x 10-14 A 12 (Â)/ 12 Mi/2 Â 0-8 N e Tr^ dh.
Using ionization equilibrium, the ion temperature T\ = T e and the values of Í iVe 2 dh J AÄ from Table I and N q Tq = 5*6x io 14 cm" 3 K it is found that ^304Â) = 27. If the non-equilibrium model is used then ^304 Â) =12. Using a line width consistent with the observed profiles discussed in the following section rather than taking Ti = T e would reduce these values by up to a factor of two. These values are consistent with the value of t(304 Â) = 10 obtained from the observed ratio £(256 Â)/£'(304 Â), the non-equilibrium model and T e = 1-28 x io 5 K. The inconsistency lies in the intensity of the transition at 1640 Â. In the following section high wavelength resolution observations of the He 11 lines at 304 Â, 243 Â and 1640 Â are discussed, and it is suggested that the He 11 emission in fact contributes even less than half of the observed emission at 1640 Â.
THE INTENSITY OF THE 1640Â LINE AND THE LINE WIDTHS
High resolution spectra of the He 11 lines at 304 Â, the Ly ß line at 243 Â and 1640 Â have recently been obtained (Feldman & Behring 1974; Kohl et al 1973; Boland et aL 1975) . At 1640 Â the Fe 11 line at 1640*15 Â is clearly resolved. The full i¡e widths measured for 304 Â and 243 Â by Feldman & Behring were 0*135 Â and 0*123 Â. The line at 304 Â has a gaussian profile and is not apparently flattopped or self-reversed as would be the case if a high optical depth caused then broadening. Further, since the optical depth of the line at 243 Â will be only 0*056 that of 304 Â the broadening of 243 Â also is very unlikely to be caused by high optical depths. If the broadening is caused by mechanical motions, such as deduced from the observations by Boland et ah (1973 Boland et ah ( , 1975 , then the width of the line at 1640 Ä can be predicted, and is 0*73 Â. Thus features observed as distinct lines of width ^0*12 Â (Kohl et ah 1973) in spectra taken on the disk, cannot be due to He 11. The Hen emission probably forms a weak broad feature on which lines of Fe 11 and of unknown origin are observed. The observed intensity cannot be measured precisely but is unlikely to be more than one-third of the total.
The widths of the C iv lines at 1550 Â have been measured by Boland et ah (1973 Boland et ah ( , 1975 and correspond to non-thermal velocities of ^25kms" 1 . Civ is formed, in equilibrium, at T e ^ io 5 K, i.e. close to where He 11 would be formed in equilibrium. This velocity added to the thermal temperature leads to line widths about half those observed for 304 Â and 243 Â. Thus He 11 cannot be formed at io 5 K, since the non-thermal velocity decreases with decreasing temperature (Boland et ah 1973 (Boland et ah , 1975 Further high resolution spectra in the region of 1640 Â are needed, but it seems likely that the apparent anomalous intensity of the He 11 1640 transition is due to blending. The available line profiles for 304 Â and 243 Â support the concept of the He 11 lines being formed at T e > 8 x io 4 K.
The line of Hen 1640Â is observed in the spectra obtained during the 1970 March 7 eclipse (Gabriel et ah 1971) . Both a transition region and coronal component are observed. The He 11 emission should be strongly enhanced at the limb relative to lines of Fe 11 since it is optically thin, whereas the Fe 11 lines are not. The coronal component observed comes from both collisional excitation and recombination. In this data as analysed by Gabriel & Jordan (1975, to be published), a model which would reproduce the forbidden lines of Si vin and Si ix and the O Vi coronal component to within a factor of three will also reproduce the observed He 11 coronal emission to within this factor.
The presence of non-thermal velocities of ~ 25 km s -1 may cause the transfer of photons from 256 Â to 1640 Â, when 256 Â is optically thick, to be more effective than calculated by Hearn. The large width due to the motions inhibits the escape of photons following scattering from the line core of the optically thick line (see discussion by Athay 1972) . The effect is difficult to quantify but the ratio of the lines at 256 Â and 1640 Â may give an apparent optical depth in 256 Â that is larger than would be calculated from the integrated absorption coefficient at the line centre. However, this additional transfer to 1640 Â will add to the intensity of a line width ^0-7 Â, and will not produce narrow lines at 1640 Â. Since r(304 Â) is calculated to be <27, and hence t(256)<4-3, the effect on the ratio £(256 Â)/ £(304 Â) is unlikely to be large.
EFFECTS OF NON-UNIFORM GEOMETRY
Spatially resolved observations of the EUV spectrum (e.g. Tousey al. 1973; Reeves et al. 1974) have shown that the emission lines are enhanced over the super-granulation boundaries. If all lines at a given temperatures have the same dependence on N e and T e then the existence of the supergranulation network does not affect the comparisons made in Sections 2 and 3 since these are based on the observed distribution of f N^dh J Ah with temperature. However, since a non-equilibrium process will affect the He 1 and He 11 lines more than any others, the He 1 and He 11 lines may not behave in the same way between the supergranulation cell centres and boundaries as do other lines formed at similar temperatures. Although in the helium lines the cell boundaries are clearly brighter than the centres the actual enhancement factor is needed before the extent of the mechanism in the two regions can be determined. The increased emission over the cell boundaries can be due to an increase in N e > to a decrease in the temperature gradient or a combination of both. Other situations being equal, a steeper temperature gradient will tend to enhance the process. However, using the observations by Reeves et al. (1974) the dependence on the enhancement factor can be investigated. Using a width of the supergranule boundaries of 10 arcsec and a diameter of 49 arcsec it is found that the cell boundaries C. Jordan Vol. 170 occupy 37 per cent of the total area and the centres occupy 63 per cent of the total area. For ions formed at T e ~ 2*5 x 10 4 K (e.g. C 11) the contrast factor between boundaries and centres is ~ 10. It has been shown earlier in this paper that the observed total He 1 emission is a factor of 15 greater than that calculated. If the enhancement mechanism operated only in the cell boundaries then the He 1 emission calculated from the cell centres using the local variation of f iVe 2 dh J AÄ with Tq would be expected to agree with that observed, but at the boundaries it would be a factor of 40 too large. Also the apparent contrast would be very large, about a factor of 174. If the enhancement process operated equally in the cell boundaries and centres the factor of 15 difference between the calculated and observed intensities would appear everjrwhere, and the contrast in the He 1 line would be the same as for other lines formed at the same temperature. If the mechanism operated more in the cell centres then the contrast in the He I lines would be lower than in the other lines.
Similar arguments can be applied to the He 11 lines, although the factors are numerically different since the observed disagreement between the total calculated and observed intensities is only a factor of 5*5.
The relative intensities of the iS-^P/iS-zP transitions will also be affected by the non-uniform geometry and the relative importance of the enhancement process in the cell boundaries and centres. Several factors, such as the path length through the emitting region, the electron density, the relative intensities over the different areas and the effective enhancement, enter into the optical depth and relative intensity calculations. However, if the enhancement factors for the iS-zP lines were known as a function of position then the full calculation for the relative intensities could be made.
HE I AND HE II LINES IN 'CORONAL HOLES*
A further aspect of the He 1 and He 11 lines that can be studied is their appearance in ' coronal holes \ The spectroheliograms obtained, for example, by Tousey et al. (1973) and Reeves & Parkinson (1970) , show that although the emission from coronal lines is reduced in these regions, the emission in most transition region lines is not. However, the He 1 and He 11 lines are exceptional in that their emission is clearly reduced in coronal holes. From data described by the He ii network may also show less contrast in the holes than it does in the normal transition region. However, the observations reported by Tousey et al. (1973) show that at least the emission from the network boundaries is reduced.
Other studies of the properties of coronal holes (Munro & Withbroe 1972 ) have shown that they are regions where the average coronal temperature is reduced, where N e is lower and where the temperature gradient is reduced by an order of magnitude. It could be argued that the reduced coronal temperature is due to less effective heating by mechanical motions in the atmosphere. If this is so then it is possible that the process causing the enhancement of the helium lines is also less effective. However, a decrease in the temperature gradient will make the mixing of the ' hotter * electrons with the ' cooler * atoms and ions more difficult. Thus the No. 2, 1975 Intensities of helium lines 439 observations of the helium lines in the coronal holes can be understood qualitatively. The emission in transition region lines from other ions is less sensitive to temperature changes and should not show such large differences as do the helium lines. It is clear that a comparison of the absolute intensity of the helium lines in the coronal holes should show closer agreement with that calculated using the mean f N<?dh J Ah distributions in these regions. Again comparison of the intensities in the cell boundaries and centres should show the relative importance of the mechanism in the two regions. The observations reported by Tousey et ah show that the enhancement process must operate to some extent in the normal boundary regions.
It has been suggested (Krieger, Timothy & Roelof 1973 ) that the coronal holes coincide with open field regions and are associated with high velocity streams observed in the solar wind. The solar wind could itself provide a mechanism for ion-transport, but in this case enhancements of the helium emission would be expected in a coronal hole. The magnitude of the transfer effect from the solar wind can be investigated. The average solar wind extrapolated back to originate from the whole surface of the Sun causes no effect on the line emission. A wind of 30 times the average velocity originating from only 3 per cent of the total area would be necessary to give the observed average intensity enhancements in the helium 11 lines. (The helium 1 is difficult to calculate because of the photoionization effect.) Neither a wind extrapolated back to the cell boundary regions (37 per cent of the area) not a ' high velocity i.e. ^ ~ zv average, extrapolated back to cell boundaries in coronal holes, will be sufficient to produce enhancements comparable to those observed. Further, this mechanism cannot account for the decreased helium emission in the coronal holes.
CONCLUSIONS
The consequences of mixing low temperature helium atoms and ions with higher temperature electrons, thus giving effectively a transient ionization situation have been discussed. Such a process can cause large increases in the absolute intensities of the He 1 and He 11 lines accounting for the observed anomalously high intensities of these lines with respect to other transition region ions. The decrease in the He 1 and He 11 intensities in the network in coronal holes can be explained by the reduced efficiency of the process if it is associated with coronal heating and/or by the decreased temperature gradient in these regions.
A comparison of the observed He 1 and He 11 intensities in the supergranule boundaries and centres with those lines of comparable temperature should show where the largest anomalies occur, and the magnitude of these should show the relative importance of the enhancement mechanism in the two regions. Once the enhancement factors are known the line ratios could also be calculated and compared with those observed. The same analyses could be made in coronal holes, and since it is observed that the helium emission is relatively lower the disagreement between the helium emission calculated from the mean f iVe 2 dh J Ah distribution and that observed should be less.
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